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Abstract 
Small animal models, and especially transgenic models, have become widespread in the 
study of bone mechanobiology and metabolic bone disease, but test methods for measuring 
fracture toughness on multiple replicates or at multiple locations within a single small animal 
bone are lacking.  Therefore, the objective of this study was to develop a method to measure 
cortical bone fracture toughness in multiple specimens and locations along the diaphysis of small 
animal bones.  Arc-shaped tension specimens were prepared from the mid-diaphysis of rabbit 
ulnae and loaded to failure to measure the radial fracture toughness in multiple replicates per 
bone.  The test specimen dimensions, crack length, and maximum load met requirements for 
measuring the plane strain fracture toughness.  Experimental groups included a control group, 
bisphosphonate treatment group, and an ex vivo deproteinization treatment following 
bisphosphonate treatment (5 rabbits/group and 15 specimens/group).  The fracture toughness of 
ulnar cortical bone from rabbits treated with zoledronic acid for six months exhibited no 
difference compared with the control group.  Partially deproteinized specimens exhibited 
significantly lower fracture toughness compared with both the control and bisphosphonate 
treatment groups.  The deproteinization treatment increased tissue mineral density (TMD) and 
resulted in a negative linear correlation between the measured fracture toughness and TMD.  
Fracture toughness measurements were repeatable with a coefficient of variation of 12-16% 
within experimental groups.  Retrospective power analysis of the control and deproteinization 
treatment groups indicated a minimum detectable difference of 0.1 MPa·m
1/2
.  Therefore, the 
overall results of this study suggest that arc-shaped tension specimens offer an advantageous new 
method for measuring the fracture toughness in small animal bones.  
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Introduction 
The mechanical characterization of small animal bones has received considerable interest 
with the widespread use of small animal models, and especially transgenic models, to investigate 
bone mechanobiology and metabolic bone disease [1-2].  A variety of test methods have been 
utilized to characterize the mechanical properties of whole small animal bones [3-6], including 
axial compression [7,8], torsion [6,9-11], and bending [4,6,9,10,12].  The cortex of small animal 
bones may also be machined into geometric specimens for destructive tests, such as beam 
bending and tensile testing [3,13,14], or non-destructive tests, such as (micro- or nano-) 
indentation [5,7,12,15] and ultrasonic wave propagation [3,16].  Cumulatively, these methods 
have greatly improved scientific understanding of bone tissue mechanics, bone quality, and 
metabolic bone disease, but provide limited insight into the fracture properties of whole small 
bones [2]. 
Strength-based measurements, such as the elastic modulus, yield stress, ultimate stress, 
and work to failure, are readily acquired during mechanical loading of un-notched geometric 
specimens [17].  However, small animal bones exhibit complex, non-uniform morphology, 
significant variability in morphology, and a heterogeneous distribution of tissue properties and 
defects (e.g., fatigue microcracks and porosity).  These sources of heterogeneity inhibit accurate 
calculation of stress and strain using analytical solutions [18], and may thus require 
computational estimates using specimen-specific finite element models [19-21].  Moreover, the 
force required to initiate and propagate a crack to failure can be strongly influenced by 
heterogeneous tissue properties and defects [22,23].  In contrast, a fracture mechanics approach 
introduces a critical size defect (sharp pre-crack) into the bone to direct crack initiation and 
propagation, while measuring the resistance to fracture, or fracture toughness [2].  Therefore, a 
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fracture mechanics approach allows control over the location of fracture relative to tissue 
heterogeneity. 
A novel method for measuring the fracture toughness of notched, whole rodent femora in 
three-point bending was previously developed using solutions for a circumferential through-wall 
crack in a cylindrical pipe [2,12].  However, this clever approach for measuring the fracture 
toughness of whole small animal bones only allows one measurement at one location per bone, 
which is a limitation shared with most destructive tests on small animal bones.  The ability to 
measure fracture toughness on multiple replicates and/or at multiple locations within a single 
small animal bone post-mortem would be advantageous to increase study power via repeated 
measures, decrease the number of animals in a study, and enable site-specific measurements.  
For example, in vivo loading models in small animals (e.g., rabbit and rat ulnar loading) produce 
varying strain levels with maxima at specific locations along the length and around the perimeter 
of the diaphysis [19,20].  However, a test method does not yet exist for measuring fracture 
toughness on multiple replicates or at multiple locations within a single small animal bone. 
Therefore, the objective of this study was to develop a method to measure cortical bone 
fracture toughness in multiple specimens and locations along the diaphysis of small animal 
bones.  Arc-shaped tension specimens were prepared from the mid-diaphysis of rabbit ulnae and 
loaded in tension to failure to measure the plane strain fracture toughness in multiple replicates 
from a specific anatomic location of interest.  Precision and sensitivity to detect differences were 
evaluated by testing specimens from multiple animals and treatments, including bisphosphonate-
treated rabbits and deproteinized tissues.  
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Materials and methods 
Animals and bisphosphonate treatment 
Male New Zealand white rabbits were obtained at 4-6 months of age, such that all 
animals were skeletally mature [24].  Two cohorts included control (N = 5) and bisphosphonate-
treated (N = 10) rabbits.  Beginning at six months of age, bisphosphonate-treated rabbits were 
subjected to six intravenous bisphosphonate treatments at 30-day intervals (day 5, 35, 65, 95, 
125, and 155).  Rabbits in the control group were given saline injections on the same schedule.  
Bisphosphonate-treated rabbits received 0.1 mg/kg zoledronic acid (Zometa
®
, Novartis, East 
Hanover, NJ) diluted in 15 ml isotonic solution and administered intravenously over 15 min via 
an ear vein injection while under sedation [25].  Rabbits were housed in individual cages and 
allowed unrestricted movement and ad libitum access to food and water at all times.  All rabbits 
were euthanized at 15-16 months of age by intravenous overdose of sodium pentobarbital 
(0.2 ml/kg, Somnasol, Butler-Schein, Dublin, OH), followed by bilateral pneumothorax.  The 
mean (± standard deviation) body mass of the rabbits at sacrifice was 3.9 (0.3) kg for the control 
group and 3.6 (0.5) kg for the bisphosphonate-treated group.  All experimental procedures were 
approved by the Institutional Animal Care and Use Committee at the University of Notre Dame 
prior to initiation of the study. 
Specimen preparation 
Left forelimbs were harvested from rabbits immediately following sacrifice and stored 
fresh-frozen at –20°C.  Forelimbs were subsequently thawed at room temperature (~20°C) for 
24 h.  Ulnae were carefully removed from the forelimb, separated from the radius, and cleaned of 
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all soft tissue by dissection while irrigated with phosphate buffered saline (PBS, 1X, Amresco, 
Inc., Solon, OH) to prevent tissue dehydration. 
Arc-shaped tension specimens were prepared from the ulnar diaphysis at 50% of the total 
ulnar length (Fig. 1a).  The total length of the ulna was measured from the ends of the olecranon 
(proximal) and styloid (distal) processes.  Ulnae were sectioned perpendicular to the longitudinal 
axis of the bone using a low-speed diamond wire saw under continuous irrigation with deionized 
(DI) water.  At least three transverse ulnar cross-sections, 1 mm in thickness, were sequentially 
sectioned beginning 2 mm distal to 50% of the total ulnar length and accounting for a wire kerf 
of 0.3 mm.  A gap was cut into the cranial side of each ulnar cross-section to create arc-shaped 
tension specimens, which isolated the caudal side for tensile loading (Fig. 1c).  As-prepared arc-
shaped specimens were stored in PBS at 4°C for at least 12 h before notching. 
Arc-shaped tension specimens (Fig. 2b) were notched on the endosteal surface of the 
caudal side of the ulnar cross-section such that the notch initiated a crack in the radial direction.  
The notch was cut using a low-speed diamond wire saw with a 0.3 mm diameter wire 
continuously irrigated with DI water.  The notch was cut to a depth of ~0.12 mm using a custom 
fixture to ensure consistency.  The resulting notch width at the endosteal surface was ~0.3 mm.  
A razor blade and 1 µm diamond slurry (MetaDi Diamond Paste, Buehler, Lake Bluff, IL) were 
used to create a sharp notch with a total depth, a, of ~0.15 mm and a root radius < 10 µm [2,26].  
Proper depth and alignment of the sharp notch was controlled using a custom-specimen fixture 
and applying ~1 N force to the razor blade while cutting the sharp notch with a sawing motion 
[26].  Notched specimens were then rinsed with PBS (1X) to remove the diamond suspension. 
Notched specimens were imaged at 100X magnification under an optical microscope 
(Eclipse ME600, Nikon Inc., Melville, NY) to verify the notch depth and alignment on both 
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sides of the specimen (Fig. 2c).  Notched specimens were also imaged by micro-CT (µCT-80, 
Scanco Medical AG, Brüttisellen, Switzerland) while submerged in PBS (1X) at 70 kVp, 
114 µA, and 400 ms integration time, with a 20 µm voxel size for 250 projections per slice with 
image slices oriented perpendicular to the ulnar diaphysis using a 3D printed specimen holder.  A 
representative image slice from the center of each specimen was segmented at a constant global 
threshold of 270, which corresponded to a tissue mineral density of ~840 mg hydroxyapatite per 
cubic centimeter (mg HA/cm
3
) using a custom calibration phantom [27].  Segmented images 
were used to measure specimen-specific dimensions required for subsequent fracture toughness 
calculations described below. 
Deproteinization treatment 
Notched arc-shaped tension specimens from five randomly selected rabbits in the 
bisphosphonate-treated cohort were further subjected to deproteinization to validate the ability to 
measure small differences in fracture toughness.  A pilot study first established appropriate 
conditions (immersion time) for achieving a small but measurable change in fracture toughness.  
As-prepared specimens (n = 6) were immersed in 5.25% sodium hypochlorite (NaOCl) at 20°C 
under constant rocking for 0.5, 1, 3, 6, 12, and 24 h.  One group (N = 5 rabbits, n = 15 
specimens) was then partially deproteinized by immersing as-prepared specimens in 5.25% 
NaOCl for 3 h at 20°C under constant rocking.  Following immersion, specimens were rinsed 
under running water for approximately 30 min to prevent further effects of the deproteinization 
treatment [28,29]. 
All specimens were imaged by micro-CT before and after deproteinization treatments 
using the same methods described above.  Control group specimens were also imaged by micro-
CT before and after immersion in PBS for 3 h for comparison.  A Gaussian filter (sigma = 0.8, 
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support = 1.0) was applied to grayscale images to minimize high frequency noise.  Bone tissue 
was segmented at a global threshold value of 270, which corresponded to a tissue mineral density 
of ~840 mg hydroxyapatite per cubic centimeter (mg HA/cm
3
) using a custom calibration 
phantom [27].  Tissue mineral density (TMD) was measured within the segmented bone volume 
by converting the measured mean linear attenuation within the volume to mg HA/cm
3
 using the 
same calibration phantom [27]. 
Fracture toughness testing 
Experimental methods and calculations for measuring fracture toughness followed 
guidelines for arc-shaped specimens outlined in ASTM E399 unless otherwise noted below [30].  
Notched arc-shaped tension specimens (Fig. 2) were loaded (ElectroForce 3220, Bose Corp., 
Eden Prarie, MN) to failure at a displacement rate of 0.02 mm/s, such that the time to reach the 
maximum load was at least 0.3 min, while hydrated in PBS (1X) at ambient temperature.  
Specimens were loaded using a custom fixture comprising two hardened steel pins, 0.63 mm in 
diameter, press-fit into two aluminum blocks (Fig. 2e).  Axial load-displacement data was 
collected for each specimen using a 50 lbf load cell (Interface, Scottsdale, AZ) and linear 
variable displacement transducer, respectively, at a sampling rate of 250 Hz.  Fractured 
specimens were imaged by optical microscopy (Nikon ME600) at 100X magnification to verify 
that fracture initiated at the sharp notch (Fig. 2d). 
The conditional fracture toughness, KQ, measured from arc-shaped tension specimens 
(Fig. 2) was calculated as [30], 
𝐾𝑄 =
𝑃𝑄
𝐵√𝑊
(3
𝑋
𝑊
+ 1.9 + 1.1
𝑎
𝑊
) [1 + 0.25 (1 −
𝑎
𝑊
)
2
(1 −
𝑟1
𝑟2
)] · 𝑓 (
𝑎
𝑊
) (1) 
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where PQ is the conditional load, B is the specimen breadth, W is the cortical width or thickness, 
X is loading line offset, a is the notch depth, r1 is the inner radius, r2 is the outer radius, and 
𝑓 (
𝑎
𝑊
) =
√
𝑎
𝑊
(1 −
𝑎
𝑊)
3/2 
[3.74 − 6.30
𝑎
𝑊
+ 6.32 (
𝑎
𝑊
)
2
− 2.43 (
𝑎
𝑊
)
3
]. (2) 
The calculated conditional fracture toughness, KQ, is equal to the linear elastic plane strain 
fracture toughness, KIc, when two conditions are fulfilled: (1) Pmax/PQ < 1.10 and (2) B, a, and 
(W-a) > 2.5(KIc/σys)
2
, where σys is the material yield strength. 
The conditional load, PQ, was determined by the intersection of the load-displacement 
data and a secant line with slope equal to 0.95·(P/), where P/ is the tangent stiffness measured 
as the maximum slope of the load-displacement data using linear least squares regression 
(MATLAB 9.0, The MathWorks, Inc., Natick, MA) (Fig. 2e).  Pmax was determined as the 
maximum load during the test.  If the displacement at PQ exceeded the displacement at Pmax, 
which occurred for two specimens, then PQ = Pmax per ASTM E399 guidelines [30].  The mean 
(± standard deviation) Pmax/PQ ratio for all specimens was 1.06 (0.06), which was significantly 
lower than the maximum value of 1.10 allowed by ASTM E399 [30] for plane strain conditions 
(p < 0.0001, Wilcoxon signed-rank test vs. 1.10). 
Specimen dimensions used in the fracture toughness calculations were measured from 
segmented micro-CT images of each notched arc-shaped tension specimen using a custom 
automated script (MATLAB 9.0) which positioned the loading pins within the medullary space 
by maximizing the distance between the pins the same as occurred during loading (Fig. 2b).  The 
load line offset, X, was the perpendicular distance from the load line to the endosteal surface.  
The cortical thickness of the ulna, W, was the distance between the endosteal and periosteal 
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surfaces, and was taken as the average of measurements on either side of the notch and on both 
surfaces (Fig. 2c).  The arc radius of the endosteal surface, r1, was approximated by a circular fit 
minimizing the sum of squared radial deviations over a contour spanning ±1 mm from the notch 
(Fig. 2b).  The arc radius of the periosteal surface, r2, was approximated by extending r1 to the 
periosteal surface while maintaining concentric circles for r1 and r2.  The thickness of the 
specimen, B, was taken as the average of measurements on either side of the notch using digital 
calipers.  The notch depth, a, was the perpendicular distance from the endosteal surface to the 
notch tip, and was taken as the average of measurements on both sides of the specimen using an 
optical microscope (Nikon ME600) at 100X magnification (Fig. 2c).  After fracture toughness 
tests, the angle between the direction of crack propagation and the load line normal (), as well 
as the normal to endosteal tangent line, was measured for each specimen. 
Statistical methods 
The normality of all experimental measurements was verified using the Shapiro-Wilk test 
(JMP 12.1.0, SAS Institute, Inc., Cary, NC).  Differences in KIc and the change in TMD between 
experimental groups (n = 15 specimens/group), were examined using mixed model analysis of 
variance (ANOVA) accounting for repeated measures (3/rabbit) from each animal (N = 5 rabbits) 
and the nested, random effect of the animal.  Post hoc comparisons were performed using 
Student’s t-tests with a Bonferroni correction for multiple comparisons.  The relationship 
between KIc and immersion time, and KIc and TMD, for the deproteinized specimens was fit 
using linear least squares regression.  The TMD of specimens before and after immersion in PBS 
(control) or NaOCl (deproteinization) (n = 15 specimens/group) was compared using paired t-
tests.  A measured change in TMD greater than zero was also confirmed using one-sample 
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Student’s t-tests with a hypothesized mean of zero.  The level of significance for all tests was set 
at p < 0.05. 
Results 
Fracture toughness measurements 
The mean (± standard deviation) radial fracture toughness was 1.07 (0.14) MPa·m
1/2
 for 
the control group, 1.11 (0.13) MPa·m
1/2
 for the bisphosphonate treatment group, and 0.83 (0.13) 
MPa·m
1/2
 for the deproteinization treatment group (Fig. 3).  Deproteinized specimens exhibited 
significantly lower fracture toughness compared with both the control and bisphosphonate 
treatment groups (p < 0.0005, t-test) (Fig. 3).  The difference between the control and 
bisphosphonate treatment groups was not statistically significant (p = 0.38).  Importantly, 
fracture toughness measurements exhibited a coefficient of variation of 13% for the control 
group, 12% for the bisphosphonate treatment group, and 16% for the deproteinization treatment 
group.  The geometric dimensions of ulnar arc-shaped tension specimens exhibited similar 
consistency, with coefficients of variation ranging from 5.8 to 17.7% (Table 1).   
Fracture analysis revealed that all ulnar arc-shaped ulnar tension specimens exhibited 
crack initiation at the notch tip and propagation along a similar path perpendicular to the 
endosteal surface, regardless of the experimental group (Fig. 2d).  The pooled mean (± standard 
deviation) angle between the direction of crack propagation and the normal to endosteal tangent 
line was 0.6 (6.8) degrees.  The mean (± standard deviation) angle between the direction of crack 
propagation and the load line normal () was 9.0 (7.4) degrees for the control group, 11.0 (6.6) 
degrees for the bisphosphonate treatment group, and 5.7 (4.9) degrees for deproteinization 
treatment group, but differences between experimental groups were not statistically significant 
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(p > 0.11, ANOVA).  The crack path also exhibited no qualitative differences between 
experimental groups. 
Deproteinization treatment and tissue mineral density 
A pilot study was conducted to establish suitable deproteinization conditions by 
immersing specimens in NaOCl for varying amounts of time (Fig. 4).  The measured fracture 
toughness exhibited a negative linear relationship with immersion time (p < 0.05, R
2
 = 0.81).  
The fracture toughness was decreased by ~10% after 3 h, which was chosen as the immersion 
time for the deproteinization treatment group reported above. 
The tissue mineral density (TMD) of the ulnar arc-shaped tension specimens was 
measured before and after immersion in PBS and NaOCl for the control and deproteinization 
treatment groups, respectively (Fig. 5).  TMD was significantly increased for the deproteinized 
specimens (p < 0.005, paired t-test), but not for the control specimens (p = 0.46, paired t-test) 
(Fig. 5a and b).  The mean (± standard deviation) change in TMD was 3.2 (15.8) and 15.1 (15.5) 
mg HA/cm
3
 for the control and deproteinization groups, respectively (Fig. 5c).  The change in 
TMD was statistically significant for deproteinization (p < 0.005, t-test vs. 0), but not the control 
treatment (p = 0.46), and the hypothesized difference between the treatments was statistically 
significant (p < 0.05, t-test).  The measured fracture toughness of deproteinized specimens 
exhibited a negative linear correlation with TMD (p < 0.001, R
2
 = 0.59) (Fig. 6). 
Discussion 
Validity of linear-elastic plane strain fracture toughness 
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A valid measurement of the plane strain fracture toughness, KIc, requires conditions of 
plane strain and small-scale yielding at the crack tip [30].  Limited plasticity at the crack tip was 
ensured with the requirement that Pmax/PQ < 1.10.  Previous methods for measuring KIc in small 
animal bones have not been able to meet this criteria [2].  However, in this study, we achieved a 
mean (± standard deviation) of Pmax/PQ of 1.06 (0.06), with only 6 of 45 specimens marginally 
exceeding Pmax/PQ = 1.10. 
Small-scale yielding at the crack tip requires that the plastic zone is small compared to 
the in-plane dimensions of the crack size, a, specimen breadth, B, and uncracked ligament 
length, W-a.  This is expressed as a single criterion, 
𝐵, 𝑎, (𝑊 − 𝑎) > 2.5 (
𝐾𝐼𝑐
𝜎𝑦𝑠
)
2
 (3) 
where σys is the material yield strength.  The plastic zone for specimens in this study was 
estimated to be ~0.33 mm, using the measured KIc (~1.0 MPa·m
1/2
) and σys (~87 MPa, 
Appendix I) for arc-shaped tension specimens in this study.  Therefore, mean (± standard 
deviation) specimen breadth, B = 0.99 (0.06) mm, and uncracked ligament length, W-a = 0.63 
(0.08) mm, were significantly greater than the size of the plastic zone, satisfying the plane strain 
condition.  The mean (± standard deviation) crack size, a = 0.15 (0.02) mm, was less than the 
plastic zone size.  However, the ASTM small-scale yielding criteria has been noted to be 
conservative because it was designed for metals and not more brittle materials such as bone [2]. 
Therefore, fracture toughness measurements in this study are considered to be close 
estimates of the true linear-elastic plane strain fracture toughness, KIc.  Nonetheless, the 
measured magnitude of KIc should only be compared to measurements obtained using similar 
testing geometries and specimen dimensions.  Fracture toughness measurements are inherently 
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dependent on the specimen geometry, specimen size, animal species, crack orientation, and test 
method (e.g., compact tension, arc-shaped tension, single-edged notched tension or beam, etc.) 
[31].  Importantly, the coefficient of variation in the fracture toughness measured by arc-shaped 
tension specimens in this study was 12-16%, which compares favorably to a coefficient of 
variation ranging from 9-22% for fracture toughness measurements on small bone specimens 
using other methods [2]. 
Radial fracture toughness 
The fracture toughness of bone is well-known to be anisotropic due to differences in 
toughening mechanisms for different crack orientations [31-34].  For example, the fracture 
toughness of human cortical bone in the transverse direction was 51% higher than the 
longitudinal direction and 140% higher than the radial direction [34].  In human cortical bone, 
cracks propagating transverse to the osteonal direction exhibit the highest fracture toughness due 
to extrinsic toughening from macroscopic crack deflection [31].  Cracks propagating in the 
longitudinal direction exhibit lower fracture toughness due to the crack readily splitting osteons 
with less deflection and crack bridging becoming the dominant toughening mechanism [32].  
Cracks propagating in the radial direction exhibit the lowest fracture toughness due to smaller 
bridging zones compared with the longitudinal direction [33].  Thus, cracks propagating in the 
radial-longitudinal plane follow inter-osteonal paths along cement lines with relatively little 
deflection compared with transverse cracks [31-34].   
The arc-shaped tension specimens in this study measured fracture toughness for crack 
propagation in the radial direction of the cortical bone tissue (Fig. 2) rather than the longitudinal 
or transverse directions.  Therefore, the fracture toughness measured in this study for the control 
group (~1.1 MPa·m
1/2
) was lower than previous measurements in the longitudinal direction of 
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non-pathological human humeral cortical bone (~1-2 MPa·m
1/2
) using single-edge notched 
beams [31] and rabbit tibial cortical bone (~1.4 MPa·m
1/2
) using compact tension specimens 
[35], as would be expected, notwithstanding the aforementioned caution in comparing 
measurements obtained using different test specimen geometry and dimensions. 
Effects of bisphosphonate treatment 
In this study, skeletally mature male rabbits were treated with six 0.1 mg/kg doses of 
zoledronic acid over 6 months and this bisphosphonate treatment had no effect on the ulnar 
cortical bone fracture toughness (KIc) measured by arc-shaped tension specimens (Fig. 3).  
Bisphosphonate treatments are known to maintain or improve whole bone mechanical properties 
through the preservation of bone mass, but the effects of bisphosphonate treatments on tissue 
material properties have been mixed [12,13].  A number of preclinical studies have reported that 
tissue material properties of long bones were not altered by bisphosphonate treatment.  Rabbits 
treated with zoledronic acid over 4 weeks [36], pamidronate over 7 weeks [11], and alendronate 
over 13 weeks [37] exhibited no effect on tissue material properties estimated from flexural and 
torsional loading of whole tibiae and femora.  Canines subjected to daily alendronate treatment 
for up to 3 years exhibited no statistically significant effects on the tensile or flexural mechanical 
properties of femoral [38,39] and humeral [40] cortical bone compared to controls.  Importantly, 
the fracture toughness (KIc) and R-curve behavior of femoral or humeral cortical bone in canines 
subjected to daily alendronate treatment for up to 3 years [38,40], and of femoral cortical bone in 
rats treated with either risedronate or ibandronate for 4 months [12], was not statistically 
different from controls.  In contrast to the aforementioned studies, canines treated with 
alendronate for up to 3 years were reported to exhibit compromised cortical bone tissue material 
properties, namely the post-yield toughness (modulus of toughness), measured by differences in 
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the area under the stress-strain curve for flexural loading of whole ribs [41-44].  Moreover, the 
fatigue resistance of cortical bone specimens machined from canine ribs was compromised after 
treatment with alendronate over 3 years [13].  One potential explanation for the discrepancy 
among these studies is that higher rates of bone turnover in the rib (~20%/year) compared with 
long bones (typically 1-2%/year) may accentuate the effects bisphosphonate treatment on tissue 
material properties. 
Effects of deproteinization treatment 
In order to validate sensitivity to detect differences in fracture toughness with arc-shaped 
tension specimens, a group of bisphosphonate-treated specimens was further subjected to 3 h 
immersion in NaOCl to partially deproteinize tissue before fracture toughness testing.  The effect 
of this deproteinization treatment was further validated by demonstrating a significant increase in 
TMD compared with the control group (Fig. 5).  Deproteinization of bone via immersion in 
NaOCl is known to facilitate progressive removal of the organic matrix and extensive 
microcrack accumulation, resulting in reduced mechanical strength [28,29].  The organic matrix 
of bone is a continuous phase that separates and binds the apatite bone mineral crystals together.  
Therefore, the measured decrease in fracture toughness after deproteinization treatment (Fig. 3) 
was most likely due to the partial and progressive removal of the organic matrix near specimen 
surfaces resulting in collapse or percolation of the mineral phase, which would be expected to 
increase TMD and decrease fracture toughness (Figs. 5 and 6). 
Retrospective power analysis of fracture toughness measurements for the control and 
deproteinization treatment groups indicated a minimum detectable difference of 0.1 MPa·m
1/2
 for 
a variance of 0.018.  The coefficient of variation for the control and deproteinization treatment 
groups was 12 and 16%, respectively.  Therefore, the fracture toughness of small animal bones 
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measured using arc-shaped tension specimens exhibited sufficient precision and sensitivity to 
detect small differences. 
Advantages and limitations 
Arc-shaped tension specimens offer a new, advantageous method for measuring the 
fracture toughness in small animal bones.  The specimen geometry allows many specimens to be 
prepared from a small amount of tissue in a single small animal bone.  For example, a two-
centimeter segment of the mid-diaphysis of the rabbit ulna can yield approximately 15 similarly 
shaped ulnar cross-sections that can be processed into arc-shaped tension specimens.  Therefore, 
a repeated measures design facilitates an increased sample size per animal and thus increased 
statistical power by decreasing random variability in the fracture toughness measured for a single 
animal.  Moreover, multiple transverse sections may be simultaneously cut from a single small 
animal bone to facilitate both histology and fracture toughness testing on adjacent tissue sections.  
Alternating specimens could be paired for analysis.  However, the potential for significant 
deviations in the ulnar cross-sectional geometry must be considered when sampling from 
multiple anatomic locations.  Therefore, the effect of sampling from multiple anatomic locations 
must either be shown to be not significant, as was the case in this study (p > 0.30, ANOVA), or 
accounted for by multifactorial statistical analyses. 
Arc-shaped tension specimens also enable the measurement of fracture toughness at 
specific anatomic locations within a single small animal bone.  For example, in vivo ulnar 
loading can produce periosteal bone formation [19] and microdamage [45] at locations of 
maximum tissue strain on the caudal surface near the mid-diaphysis of ulnae.  The notch was 
created at this location of maximum strain in the ulnar cross-section.  Therefore, arc-shaped 
tension specimens could potentially investigate the effects of in vivo loading on post-mortem 
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local tissue mechanical properties at specified anatomic locations.  The radial fracture toughness 
measured with arc-shaped tension specimens is expected to be particularly sensitive to the 
presence of longitudinal microcracks that form at weak microstructural interfaces during 
compressive loading [46].  Importantly, the methods demonstrated in this study for rabbit ulnae 
can be readily adapted for other small animal bones, such as rat or rabbit tibiae, femora, humeri, 
radii, etc.  For example, transverse sections from rat femora are of similar size compared with the 
rabbit ulnar cross-sections in this study.  On the other hand, testing of mouse bones is not likely 
feasible with this method, at least not with a conventional mechanical testing load frame. 
Deviations between the ASTM standard geometry and the actual geometry of arc-shaped 
tissue specimens (Fig. 2), as well as variability in the cortical thickness, likely resulted in 
asymmetric loading at the notch of arc-shaped tension specimens.  However, the pooled mean 
(± standard deviation) crack angle () of 8.6 (6.6) degrees suggests that the contribution of mode 
II loading was only ~15% of that for pure mode I loading, due to the relative mode II 
contribution scaling with sin()cos() [47].  Moreover, the pooled mean (± standard deviation) 
angle the direction of crack propagation and the normal to endosteal tangent line was also 
measured as 0.6 (6.8) degrees.  This suggests that the direction of crack propagation was 
primarily governed by the shortest distance between the notch and the periosteal surface and the 
contribution of mode II loading was even less than that suggested by the crack angle ().  Thus, 
the effect of differences and variability in the geometry of arc-shaped tension specimens 
compared to the ASTM standard geometry on stress intensity solutions should be examined more 
rigorously using finite element modeling. 
The methods of this study were not without other limitations, primarily due to the small 
specimen size.  The measurement of R-curve behavior is possible but likely challenging due to 
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the small specimen size (W-a) and limited R-curve behavior expected for radial crack 
propagation [2,31].  Thus, arc-shaped tension specimens were used in this study to measure the 
initiation fracture toughness and not the propagation toughness or R-curve.  The small specimens 
also required customized fixtures to aid specimen preparation (e.g., notching) and tensile loading 
(Fig. 2). 
Disclosures 
R.K. Roeder has received research grants from Merck Sharp & Dohme Corp.  M.R. Allen
 
has received research grants from Amgen Inc., Eli Lilly and Company, and Merck Sharp & 
Dohme Corp.  All other authors have no potential conflicts of interest. 
Acknowledgments 
This research was supported by a Collaboration in Translational Research (CTR) pilot 
grant from the Indiana Clinical and Translational Sciences Institute (CTSI) (NIH RR025761) and 
an Advancing Basic Cancer (ABC) Research grant from the Walther Cancer Foundation.  The 
authors thank the staff of the Freimann Life Science Center at Notre Dame for their assistance in 
caring for the rabbits. 
Appendix I. Estimation of Tissue Yield Strength from Arc-Shaped Tensile Specimens 
The tissue yield strength (σys) in Eq. (3) was measured using un-notched arc-shaped 
tensile specimens that were otherwise prepared and loaded using the same methods described 
above.  The absence of a notch and variations in the cortical thickness led to fracture at various 
locations.  Therefore, measurements were collected only for specimens that fractured at the same 
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location where a notch would have been placed (n = 5 specimens/group).  The yield strength was 
calculated as [48], 
𝜎𝑦𝑠 =
𝐹𝑦
𝑊𝐵
+
𝑀𝑦𝑊
2𝐼
 (4) 
where Fy is the load at yielding, W is the cortical thickness at the fracture site, B is the specimen 
thickness, My is the moment at yielding (= Fy(X + W/2)), and I is the cross-sectional moment of 
inertia (BW
3
/12).  The load at yielding was measured using a 0.01 mm offset displacement to the 
tangent stiffness (P/) to approximate a 0.2% offset strain.  The pooled mean (± standard 
deviation) fracture strength was measured to be 87 (10) MPa.  The effect of the experimental 
group was not statistically significant (p > 0.28, ANOVA). 
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Tables 
Table 1. Ulnar arc-shaped tension specimen dimensions showing the mean (± standard 
deviation) and coefficient of variation. 
Variable Dimension Coefficient of Variation (%) 
a 0.15 (0.02) mm 12.2 
W 0.63 (0.08) mm 12.3 
X 0.84 (0.15) mm 17.7 
r1/r2 0.76 (0.06) 7.7 
B 0.99 (0.06) mm 5.8 
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Figure Captions 
Fig. 1. (a) Segmented, 3-D micro-CT reconstruction of a rabbit ulna showing the location of 
transverse ulnar cross-sections prepared from the mid-diaphysis at 50% of the total ulnar length.  
(b) Segmented, 2-D micro-CT image slice showing a representative transverse ulnar cross-
section from the mid-diaphysis and corresponding anatomic directions.  (c) Photomicrograph 
showing a representative arc-shaped tension specimen with a gap cut into the cranial cortex to 
isolate the caudal cortex for tensile loading. 
Fig. 2. Schematic diagram showing (a) the ASTM E399 [30] standard geometry for arc-shaped 
tension specimens compared with (b) a representative ulnar cross-section as imaged by micro-
CT, and the applied load, P.  Segmented micro-CT images were used to measure the internal 
radius, r1, external radius, r2, and distance between notch mouth and load line, X.  Optical 
micrographs at 100X magnification were used to (c) measure the notch depth, a, and cortical 
width, W, for each specimen before testing, and (d) verify that a crack initiated in the radial 
direction at the notch tip after testing.  (e) Load-displacement data collected for a representative 
ulnar arc-shaped tension specimen showing the identification of the conditional load, PQ, 
maximum load, Pmax, tangent stiffness, P/, and secant stiffness, 0.95·P/, used to calculate the 
fracture toughness, KIc, following ASTM E399 guidelines [30]; schematic diagram showing the 
custom fixture for loading ulnar arc-shaped tension specimens via two hardened steel pins, 
0.63 mm in diameter. 
Fig. 3. The measured fracture toughness, KIc, of arc-shaped tension specimens prepared from 
control, bisphosphonate (BP)-treated, and deproteinized (DP) ulnar cortical bone tissue.  The box 
and whiskers show the 5th, 25th, 50th (median), 75th, and 95th percentiles.  Deproteinized 
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specimens exhibited a significantly lower fracture toughness compared with both the control and 
bisphosphonate treatment groups (*p < 0.0005, t-test).  The difference between the control and 
bisphosphonate treatment groups was not statistically significant (p = 0.38). 
Fig. 4. The measured fracture toughness, KIc, of ulnar arc-shaped tension specimens exhibited a 
negative linear relationship with the immersion time for deproteinization treatment (p < 0.05, 
R
2
 = 0.81). 
Fig. 5. The tissue mineral density (TMD) of ulnar arc-shaped tension specimens before and after 
(a) immersion in PBS (1X) for 3 h (control) and (b) deproteinization by immersion in NaOCl for 
3 h.  The measured TMD was increased after the deproteinization treatment (*p < 0.005, paired 
t-test) but not the control treatment (p = 0.46).  (c) The measured change in the TMD of ulnar 
arc-shaped tension specimens after the control or deproteinization treatment.  The box and 
whiskers show the 5th, 25th, 50th (median), 75th, and 95th percentiles.  The change in TMD was 
statistically significant for deproteinization (p < 0.005, t-test vs. 0), but not the control treatment 
(p = 0.46), and the hypothesized difference between the treatments was statistically significant 
(**p < 0.05, t-test). 
Fig. 6. The measured fracture toughness, KIc, exhibited a negative linear correlation with the 
measured TMD of deproteinized, ulnar arc-shaped tension specimens (p < 0.001, R
2
 = 0.59). 
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Fig. 2 
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Fig. 3 
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Fig. 4 
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Fig. 5 
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Fig. 6 
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Highlights: 
• Cortical bone fracture toughness is measured in multiple replicates from small animal bones 
using arc-shaped tension specimens. 
• Test methods are shown to be precise, able to detect small differences, and meet requirements 
for plane strain fracture toughness. 
• The fracture toughness of rabbit cortical bone was not altered by a six-month treatment with 
zoledronic acid. 
• Rabbit cortical bone fracture toughness was compromised by a partial deproteinization 
treatment which increased the tissue mineral density. 
• Arc-shaped tension specimens offer an advantageous new method for measuring the fracture 
toughness in small animal bones. 
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